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L GRNRAL INTRODUCTION

Holography is a method of photography that results in three-dimensional images of the

object being photographed. 1 An example of a typical arrangement for producing a hologram

is shown in Figure 1. Light from a single coherent source, almost always a laser, is divided

into two beams; an object beam that Is scattered off the object being photographed and a

reference beam. An interference pattern resulting from the overlapping of these two beams

. is formed in the plane of a photographic plate. As a result of photochemical reactions that

occur in the photographic plate, the optical properties of the plate are changed and a

permanent record of the interference pattern is produced. To read the hologram a

reconstruction beam, identical to the reference beam, is directed at the recording plate. A

portion of this reconstruction beam is diffracted by the recorded hologram and produces a

virtual image of the original object. An observer looking at this diffracted liht sees a

three-dimensional image of the original scene.

Much experimental effort has gone into the development of efficient holographic

recording materials. 2 These investigations have primarily been concerned with improving the

holographic recording process and only secondarily with the underlying photochemistry. In

this paper, these priorities will be reversed and the use of holography as a tool for

S.+ investigating photochemistry will be discussed. Of course, it is sometimes difficult to draw a

sharp distinction between the two approaches. Interesting photochemical results have

emerged from the search for holographic materials 3 and new approaches to holographic

recording have resulted from the photochemical investigations. 4

It would, of course, not be particularly wise to attempt to study photochemistry by

studying the time development of holograms of toy trains. The arrangement actually used is

much simpler and is shown in Figure 2. The hologram is produced by the interference of
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two mutually coherent plane waves. The interference pattern is thus a simple sinusoidal

variation of light intensity across the sample. The resulting photochemistry causes a

corresponding modulation of the optical properties of the recording medium producing what

is essentially a diffraction grating. When a single reconstruction beam strikes the sample at

9, the appropriate angle, a portion of the beam is diffracted by the grating. By following the

growth in intensity of this diffracted probe beam with tim, one can monitor the temporal

progress of the photochemistry. A technique similar to the one to be discussed here where

the light source producing the hologram is pulsed and where the grating is transient has been

used to study a variety of diffusion procms in solids and is known by several names; four

wave mixing the tasent gat technique and forced Rayleigh scatering.5

Why would one want to use a holographic technique for folowing photochemical

reactions? What advantages does it possess over other methods? First the technique is

essentially a zero-background one, that is the diffracted light intensity rows from an initial

value of zero as photochemistry proceeds. This is in contrast to, for example, direct

absorption measurements where a small change in a large background signal must be

detected. As a result the holographic technique is capable of detecting very small

potochenhical chanps. This assertion will be given a more quantitative significance

elsewhere in the paper.

Second the tohique may be used for investigating photochemical reactions where the

absorption spectra of reactants and products overlap. Since, as will be shown, hologram

growth depends on change in the index of refraction of reactants and products as well as on

differences in their absorption coefficients, one can observe a photochemical hologram even

when reactants and products have their absorptions intimately intertwined.

_1
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The technique Is useful for nigatn sold state photochemistry. It can thus be used

to study such industrially important processes as photopolymerization and photodegradation

in a routine manner.

And finally it is Important to emphasize the simplicity of the holographic technique.

One tends to think of holographic experiments as taking place on super stable tables isolated

from vibrations by tons of granite and concrete ot floating on air cushions. For high

resolution holographic photography such precautions may indeed be necessary. For the

holographic photochemistry experiments discussed here one only needs stability comparable

to that necessary for any moderate resolution specroscopic experiment.

The remainder of this paper will be devoted to a more detailed discussion of

holographic potochemistry. In the next section the experimental and theoretical bases of

the technique will be described. Then three specific applications will be treated. These are

determination of the number of photons involved in a photochemical process, unraveling of a

complex sequence of photoclhmica reactions and investigation of photochemistry that occurs

from higher excited triplet states.

IL THE TECHNIQUE OF HOWOGRAPHIC FUOTOCHSTY

A. A TypicalExeletlraua t

Fiure 3 illustrates one possible i tall st-up for investigating ptry

usinp holography. The light from a laser (eitbor cw or pulsed) is divided into two beams.

These beams are then recombined at the sample being investigated to produce an interference

'3 pattern. In most cases the sample is a thin (-200p) sheet of a polymer hoat containing as a
dissolved pest the molecule whose photochmistry Is of Interest. A low power HeNe laser is

used to probe the growth of the hologram continuously. A fraction of the probe laser beam

)"
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is dffrte by the grating into a photodetector. An aperture blocks the laser beam that

produces the hologram from reaching the photodtector but permits the HeNe laser beam to

pa. Additional elimination of scattered light is accomplished by placing a narrow band pass

filter before the monochromator allowing only 632.8 nm light to reach the detector.

The HeNe laser beam has very little divergence so that one can eliminate interfernce

from unwanted scattered light simply by moving the detector well away from the sample.

Additional improvements in the detection system can f needed be made by chopping the

HeNe beam and using a phase sensitive detector to monitor the photodiode signal With

such an experimental arrangement, efficencies (diffracted intensity/incident intensity) a low

• as 109can be detected. More elaborate rtl arngmmnts can improve the

sensitivity by several mae ovd of magnutude.5b

3. The Radu.*ip Detm Hespim Grew*h .. i Mhtc~ilY

A hologram is produced in the recording medium as a result of changes in the index of

refraction and absorption coefficient brought about by the try. To ee this

relatonsi more clearly, consider the hypothetical system represented in Figure 4a. In this

system a reactant A is photochemtcll converted into a product B. The absorption spectrum

of A consists of a very intense band in the far UV (a- 50,000 I/mole cm) at200 nm, a

strong bead ( m-l10,000) at 250 m and a much weaker band (.rm-100) at 400 anm.

The product B of the photochemca reaction is assumed to retain only the single very strong

bnd (=50,000) at 200 am. Such spectral changes are typical of those that might occur

when a letone, having a weak nr* transition In the visible or near UV and a strong Wv

transition in the UV, undergoes hydrogen abstraction to yield a ketyl radical. 6



The index of refraction dispersion coresponding to the absorption spectra of Figure 4a

can be calculated from the absorption spectrum using the Kamers-Kronlg relationship.7 The

results of such a calculation are shown in Figure 4b. If the index of refraction change Is

monitored with a HeNe laser at 632.8 nio, these calculations indicate an overall change An

of 2.2x I0 when a molar concentration of A is completely converted to a molar

conc entration of B.

A holographic experiment on such a hypothetical system might consist of Irradiating the

sample in its weak absorption band at 400 nm with two interfering laser beams. The

resulting interference pattern would produce a sionsoidally modulated intensity distribution.'4

I - 21[+ cos ( )] (1)

assuming both beams re of equal inlensity. Here h1is the Incident Intensity In either beam,

x is defined in Figure 2 and A is the fringe spacing iven by

A . (2)
2n sin 9

For an ansle 20 between the two beams of 2, A is on the order of 10p. n is the total index

of refraction and is around 1.5 for most polymer hosts.

As a result of this nonuniform illumination of the sample, ph r chamA y - wil proceed

at a nonuniform rate and the distribution of reactants A and products B will be

Correspondingly nonuniform. Since the index of refraction and absorption coefficient depend

on the concentrations of A and B, these parameters will be similarly modulated and the depth

of modulation will increase as the reaction proceeds. Kogelnik 8 has shown that when the

?"
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W Index of retraction modulation has the form

a = no+ nl cos O x) (3)

and when the bologram thickness d is much larger than the fringe spacing,9 the efficiency in

the absence of absorption may be written

i- , ,2( n (4)

where A' is the reading wavelength and where the reading beam is assumed to strike the

holographic grating at the Bragg angle 9'. (Note that n, in Eq. (3) is half An the total

amplitude of the Index of refraction change.)

- For the hypothetical example being considered we use the following values

n, - .iXj103

90

1 A' = 632.8 am

d =200p

and obtain the result that when a mola cocetration of A has been entirely converted into

B in a 20011 thick sample the hologram efficiency Is 79%. As has been mentioned previously

hagram efficiencies of 10-9 can ealy be measured. For the hypothetical example, this

means that reactions involving concentration changes of less than 10"4M can be followed

aily in a 200p sample. To follow such a reaction in direct absorption at 400 an would

require the detection of tansmittace changes of 0.0005.

-I
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*: .L AILICATIONS OF THE HOLOGRAPIRC T'CHNIQUE

A. ]ena.of t htemi Depesee

In many cases, particularly when lasers are involved, one would like to know how many

photons must be sequentially absorbed to produce a photochemical reaction. 11-14 This is

particularly simple to determine by the holographic technique. Equation (8) can be

generalized in a straightforward manner to yield; 10

- a(I)t2  (9)

where a(I) has the functional form

a()- bl2n . (10)

Here b is a constant and n is the number of photons involved in the photochemical reaction.

As an example consider the photodissociation of the molecule dimethyl-s-tetrazine

(DMST):

.N..., N H3

":J;"*" 2C 3 N+ 2 (I)

CH3

* ."It has been demonstrated by direct absorption experiments 13 that this molecule requires the

stepwise absorption of two photons for the reaction in Scheme (I) to proceed. To verify this

result using the holographic technique one obtains a series of hologram growth curves at

various laser intensities. Such a set of growth curves is presented in Figure 5 for DMST in a

polyvfnylcarbazole (PVK) host.
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The first thing to notice from these growth curves is that they are nonlinear as

predicted by Eq. (9). They can in fact be shown to depend quadratically on time as

expected. For each of the individual growth curves a value of a(I) may be determined.

From a log-log plot of a(l) versus I, as shown in Figure 6, one can obtain a value for n. The

* zresults show that within experimental uncertainty the photodissociation of DMST in PVK is a

two-photon process. Also shown in Figure 6 are results for the hydrogen abstraction

reaction of camphorqunone in PVK.10 This reaction is known to require only one photon

and as expected we find from the holographic experiments that n is very nearly unity.

B. Investigation of Complex Reaction Sequnces

Frequently photochemical reactions occur in several distinct steps. The initial reactants

are converted into products that themselves absorb radiation and are converted into

secondary products. Reaction sequences of this type might be represented schematically in

the following way:

nhv Mhr

A-,--o B -- C

where n and m are the number of photons involved in each step. As a specific example of

such a system consider the photochemistry undergone by benzophenone dissolved in PMMA.

The reaction may be written

"-' 2hp 6
C=O+RH *C-OH + OR

*(A) * H

(..? (iB0H
,e (C)18
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The Initial step In this reaction chem is hydrogen abstraction by bensophenone from the
polymer hot RH resulting In a ketyl radical ad a radical on the polymer chain -R. In solid

phases this reaction has been shown by the holographic technique just discussed to require

the sequential absorption of two laser photons. 16 The first step is benzophenone hydrogen

abstraction and will be discussed in morm detail later.

The two radicals produced in the first step are held by the polymer host in close

proximity and can react to produce the species B. B absorbs in the sae wavelength region

as A so that light that produced the first step in the reaction can also be absorbed by B. B

then photochemically reacts to yield a final product C. The chemical structure drawn for

species C is speculative but it does seem to be consistent with the observed changes in the

absorption spectrum.

Consecutive reaction schemes like this have characteristic hologram. growth curves.

Such a curve for benzophenone in polymethylmethacrylate (PMMA), produced and

monitored using the UV lines from an Ar+ laser, is shown in Figure 7a. The hologram

grows in intensity, reaches a maximum, fades away to zero and then begins to grow asain.

To see the origin of this holognm growth pattern, consider a calculation of the index of

refraction dispersion from the absorption spectra of species A, B and C. The results of such

a calculation are shown in Figure 8.17 To obtain these results prudent uesses have been

made concerning the details of the absorption spectra of species B and C. The calculate

dieion res thus have qualitative but not quantitative significance. A sta tfoa

extension of Eq. (6) yields the following expremion for the index of refraction modulation

Il O, [B]8n. + [C]JnC-([DJ + [C],8nA. (1)

. .o • . - - . - . .



Referring to Figure 8 for values of 8rA. 8nn and 8Z, we note that during the initial stages

of the reaction A Is being converted into B. Since the reaction is being monitored at about

350 - and since at 350 nm 8nn>SnA, n1 from Eq. (11) will be positive. But as the

reaction proceeds further B is replaced by C and C has 8nc<8nA. This means that n must

eventually become negative. Following n as a function of time then, we find that nI begins

at zero grows positively for a while, then decreases passing through zero, eventually

becoming negative. Since the hologram efficiency depends on the square of the quantity n1 ,

the expected hologram growth pattern is exactly the pattern observed experimentally in

Figure 7a.

Next consider what would happen if, Instead of reading the hologram at 350 am, we

used 514.5 am radiation. At this wavelength we have the relationship 8nA> 8 ns> 8 nc. a1 is

thus negative throughout the reaction. In this case we expect the hologram to grow initially

at a rate characteristic of the A-wB reaction but to eventually grow with the B-inC rate.

That this is exactly what happens is shown in Figure 7b.

..

Various portions of the holographic growth curve can be correlated with changes in the

absorption spectrum of the sample. This can be seen by comparing Figures 7 and 9.

Initially, before any photochemistry has occurred, one sees two bands corresponding to a

vr (249 am) state and an nat (338 nm) state of beazophenone in PMMA. As the

pioosm rows, the benzophenone spectrum disappears. This can be seen by following the

dhppso of the W absorption. The benzophenone spectrum is replaced by a strong

,pulempt in the vicinity of 333 nm. This spectral change has been observed by a number

of Utber weakesJ in a variety of host materials 18 and seems to be a eneral feature of

,beaingbseahoi oceistry. The growth of the second step in the hologram corresponds

to a decreee In the absorption of this intermediate.

.................. ......................... ...-..-. .-. '".........-:. - .. ,.:..-...
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C. Rbudge from H wr Excited Tplet States

In 194, Lewis and Kasba19 speculated that photochemistry might occur when a

molecule in its lowest metastable triplet state is excited to a higher triplet state. Since that

time several examples of reactions of this type have been studied.20 The holographic

technique Is particularly useful for studying such processes because it can be used even In

cases where an interfering reaction occurs from the lowest triplet state.4

To illustrate the use of holography in this case, we will consider the phoodsoclation

of carbazole.2 1"23 Figure 10 shows the lower energy levels of the carbazole molecules.

Neither the lowest sinlet nor the lowest triplet state has sufficient energy to permit

dissociation of the N-H bond24 Dissociation will occur, bowever, If the cabezole is first

excited to its lowest triplet state with a photon of frequency el sad then to a higher triplet

state via triplet-triplet absorption with a second pbotom at *2- a, md *2 my, of course, be

equal in energy.

* To see how one might use holography to inveetigad thI, tI ofpoesbtry,

consider the experimngement shown in Figure 11. Light of frequency w, from a

lamp or a laser illuminates the sample preparing carbazole molecules in their lowest triplet

state. This light need not be coherent and it does not produce a hologram If simultaneously

the sample is illuminated with two coherent beams at a lower frequency w2, a hologram can

be produced as a result of the photochemistry that occurs from Tn. Frequently the 02

radiation is too low in energy to be absorbed by the ground state of the system. This means

that no hologram will be produced when only 02 radiation strikes the sample. Figure 12

clearly shows the gating on and off of the hologram growth by the W1 beam. 2 1

,?.. . . . . .
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UTh frequency of the 0 2 radiation can be varied and referring to Eqs. (7) and (8) one

can measure the product #a as a function of wavelength. By comparing this wavelength

dependence with the triplet-triplet absorption spectrum we can infer the wavelength variation

of the quantum yield. Results for carbazole are shown in Figure 13 and one can concude in

this case that the quantum yield is independent of wavelength. 2 2

An example where the product #a does not simply reproduce the triplet-triplet

absorption spectrum is provided by the solid-state hydrogen abstraction reaction of

benzophenone, the first step of Scheme (M1)1 6 In solution this process occurs Irreversibly

from the lowest triplet state, an nv* state. When confined in a solid matrix, however, the

products of the abstraction reaction are held in close proximity. They thus my efficiently

recombine to reform the reactants and no irreversible phoo hmisry occurs. When excited

with two-photons, however, into a higher triplet state, irreversible p does occur

and the reactions shown in Scheme (Mcan proceed.

Using the holographic technique the wavelength dependence of this potocemis uy can

be investigated. The results are summarized in Figure 14. We clearly see that excitation of

the absorption band at 320 nm results in observable photochemistry, while excitation of the

band with a maximum at 520 am does not. The short wavelength triplet-ti*plet absorption

band has been assigned to an nr* state, as has the lowest triplet state and the long

wavelength band is attributed to a vW state.1 If this assignment is correct then the

photochemistry can be understood In the following simple terms. A fundamental

characteristic of ketone photochemistry is the difference in reactivity between nr* and vww

triplet states.6 n.* states are known to undergo hydrogen abstraction reactions while W

states do not. Benzophenone seems to behave in a way consistent with this pattern.
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The hIgAp WW, technique ha provea to be a imple bogutod stliv Ischnqin for

invutiatlg poeohe~calmackam In the solid state. Slame it is a uobcgaa

-. .* tech it cern be.e to feMOW dmmu. do an too mod to u~ by

other sms Reactions that donam reselt in holograms are not detected by the techmque

and their presence does not interfere with the results.

The technique can be extended in a variety of ways. By chpn th dohu Igh

source and measuring the transient holograms one might hope to follow poeh.tyin

liquids. The hologram growth can be followed as a function of temperature in order to

measure activation energ"e for pochmclreactions. This would be particly useful Wn

the case of higher triplet Staes One can think of a variety of other circumstances in which

the holographic technique may prove usefl
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